Extensions of the Standard Model (SM) gauge group with a new U (1)X predict an additional gauge boson. Through kinetic mixing with the SM photons featured by a coupling , the ensuing so-called dark photons γ , which acquire mass as a result of the breaking of the gauge group U (1)X , can interact with the SM field content. These massive dark photons can therefore decay to pairs of leptons, hadrons, or quarks, depending on their mass m γ . In this work, we discuss searches for dark photons in the mass range around and below one GeV at the LHeC and FCC-he colliders. The signal is given by the displaced decays of the long-lived dark photon into two charged fermions. We discuss the impact of conceivable irreducible (SM and machine-related) backgrounds and different signal efficiencies. Our estimates show that the LHeC and FCC-he can test a domain that is complementary to other present and planned experiments.
Introduction

ab
−1 integrated luminosity. Details on the proposed detector layout and expected performance can be found for instance in Ref. [27] .
The model
We give a brief introduction to the theory of dark photons in this section. The dark photons [1] [2] [3] [4] [5] are light particles with mass in the MeV-GeV range and weakly coupled to the electrically charged SM particles. They are well motivated as portals to dark matter sectors, and correspond to an extension of the SM gauge group by an additional (broken) gauge group U (1) X , with the associated gauge field X µ coupled to the SM hypercharge gauge field B µ through kinetic mixing. Equivalently speaking, the Lagrangian of the model includes a kinetic term proportional to X µν F µν mixing the Abelian gauge bosons, where X µν and F µν are the field strength tensors of the U (1) X and the SM hypercharge gauge fields X µ and B µ , respectively.
After applying a field re-definition to get rid of the kinetic mixing term X µν F µν , we obtain the following term in the Lagrangian that gives rise to interactions between the dark photon field A and the SM fermion f ,
with the electric charge q f of the fermion in the unit of e. As the additional U (1) X group is assumed to be broken (through some spontaneous breaking mechanism), the new gauge boson, dark photon labelled with γ , is expected to be massive, i.e. m γ = 0. The operators in Eq. (1) set the coupling strength between the dark photon and the SM fermions to be q f e. Depending on the mass of the dark photon, there are various decay modes into a pair of leptons, multiple hadrons, or quarks. The partial decay width of the dark photon into a single pair of charged leptons can be expressed with the following formula:
where α QED ∼ 1/137 is the QED fine structure constant and m l represents the mass of the lepton l (l = e, µ, τ ). We follow Ref. [31] and compute the total decay width of the dark photon via its partial decay width to a pair of electrons and the branching ratio BR(γ → e − e + ):
We extract from Ref. [32] the branching ratio of the dark photon into an electron pair as a function of the dark photon mass. In order to perform Monte-Carlo (MC) simulation, we employ the model file "Hidden Abelian Higgs Model" provided in FeynRules [33, 34] model database, which was programmed according to the model description given in Ref. [35] .
Analysis and results
The dark photon production process in electron-proton collisions is shown via the corresponding Feynman diagrams in Fig. 1 while the production cross section, divided by 2 , as a function of m γ , is shown in Fig.  2 . The cross section is shown for two different transverse momentum cuts on the final state hadron, which puts a corresponding lower limit on the momentum transfer between electron and proton (labelled with Q 2 ). This is important as we limit ourselves to the deep inelastic scattering (DIS) regime, which means that the squared momentum transfer has to be much larger than the proton mass: Q 
GeV
2 . In practice we require a minimal transverse momentum of the final state parton of 5 GeV or 10 GeV, which sets a minimum value for Q. It is worthy of note that other production mechanisms exist, e.g. deep virtual Compton scattering (DVCS) and Bethe-Heitler-like processes (cf. e.g. [36] ) where the momentum transfer is sufficiently small to allow electron-proton instead of electron-parton scattering. The former (latter) process is expected to have a comparable (larger) cross section and results in larger (smaller) angles for the γ emission. We expect that these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a dedicated analysis, which is beyond the scope of this paper. The signal is given by the process e − p → e − Xγ , where X denotes the final state hadrons, and the dark photon γ decays into two charged fermions. This process is shown schematically in Fig. 3 . In general in collisions with low momentum transfer the scattering angles of the electron and X are small compared to the respective beams. Therefore the electron and proton beams are used to define the backward and forward hemispheres of the detector, which are optimized for low energy electromagnetic radiation and high energy hadrons, respectively.
Characteristic for the DIS production process of the dark photon are the small scattering angles of the deflected electron and parton from the beam interaction, which are, however, still within the geometric acceptance of the LHeC and FCC-he detectors. The γ is typically emitted from the electron and has a very small emission angle. We find in our numerical simulation that the decay products, the fermion pair, carry a low momentum, and a transverse momentum that is roughly twice the dark photon mass. For m γ > 10 MeV, the resulting transverse momentum together with the magnetic field in the detector with B = 3.5 T yields a gyroradius for electrons that is larger than the radius of the beam pipe (which is asymmetric: on three sides 2.2 cm and 11 cm Figure 3 : Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger (smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state X and the scattered electron e. From the primary vertex (labeled "PV" ) inside the interaction region the dark photon γ emerges and decays after some finite distance into the two charged particles f + and f − .
on one side). The charged fermions are thus expected to enter the detector and spiral along the beam pipe close to the scattered electron. The flight length of the charged lepton pair, given by distance between the secondary vertex and the backward calorimeter, allows for several cm of separation between the lepton and the anti-lepton.
Possible backgrounds could arise from real low-energy photons, produced for instance via Bethe-Heitler or DVCS processes, with the photon interacting with the detector material or the beam pipe. This could give rise to electron-positron pairs with similar kinematic properties to our process. In this kind of background, however, the secondary vertex is expected to coincide with the known location of the detector material or the beam pipe, and we assume that they can be safely rejected on these grounds. Other possible backgrounds from long-lived mesons, such as K L and Λ baryons with lifetimes of about 15 m and 8 cm, respectively are expected to decay far away from the interaction point. Moreover, their primary decay channels are only marginally consistent with our signal signature and their masses are well known, such that we expect that they can be vetoed efficiently without much loss of signal efficiency. Cosmics or other machine related backgrounds are not expected to be relevant as long as they do not point to the primary vertex.
As shown schematically in Fig. 3 the primary vertex of the signal can be inferred from the scattered electron and the hadrons, and the secondary vertex from the spiraling charged particles. The projected experimental resolution for the vertexing is between 10 µm and 100 µm where the larger value is relevant for particle tracks with smaller energy and angles. For concreteness and to be conservative we assume that decays of the dark photon that have a displacement of at least 200 µm from the primary vertex can be detected and are free of background. The expected number of dark photon decays with a given displacement can be quantified with:
In this equation, σ labels the production cross section for dark photon at the ep collider, and L denotes the integrated luminosity, D(ϑ, γ) is the probability distribution for γ with the Lorentz boost γ and the angle ϑ between its momentum and the beam axis, P dv is the probability distribution of a displaced decay, and ∆x lab denotes the mean decay length of the dark photon in the laboratory frame. The proper lifetime τ is obtained from the total decay width, which may be calculated with Eq. (2) and Eq. (3). The probability of a displacement from the primary vertex with x min ≤ ∆x lab ≤ x max is given by
The dark photon lifetime is typically too small for its displaced decay to take place outside the beam pipe. We thus consider the displacements to be visible if they are larger than x min = 200 µm, corresponding to the tracking resolution, and x max = ∞. In the laboratory frame the displacement is governed by the mean decay length:
with c the speed of light and γ γ = 1 + | p| 2 /M 2 being the Lorentz factor with the three-momentum in the laboratory frame p. Eq. (4) thus allows us to compute the total number of dark photon decays that occur with a displacement from the primary vertex of at least 200 µm. The probability P dv for a dark photon to decay within these distances depends on the proper lifetime τ of the dark photon and the corresponding Lorentz boost. We simulate the kinematics for the γ from the DIS production process with WHIZARD 2.6.4 [37, 38] using the built-in PDF sets, extracting the momentum and angular distributions. For the parton from the incoming proton beam as well as the outgoing hadrons we use up and down quarks and their antiparticles. We consider the benchmark masses m γ = 10 MeV and from 50 to 800 MeV in steps of 50 MeV.
First, we assume that a displaced decay of a dark photon into a pair of charged SM particles can be detected with 100% efficiency and that all the above mentioned background processes are reducible without further effect on the signal efficiency. We show the contour lines for N=1, 10, and 100 expected dark photon decays at the LHeC and the FCC-he under this assumption in the four panels of Fig. 4 .
The above assumption on number of background events and signal efficiency is an optimistic approximation, and in a real experiment irreducible backgrounds may exist, the rejection of which, along with reconstruction losses and further detector effects, may affect the sensitivity of the experiment to the dark photon signature. To get an impression on how these effects modify our prediction for the exclusion power of the LHeC and the FCC-he, we show contour lines for four different hypotheses at the 90% confidence level (CL) in Fig. 5 , for the LHeC and the FCC-he with a total integrated luminosity of 1 ab −1 and 3 ab −1 , respectively. For the signal significance at 90% CL with zero background events we require 2.3 and 11.5 events for signal efficiencies of 100% and 20%, respectively; similarly for 100 background events we require 14.1 and 70.4 signal events for signal efficiencies of 100% and 20%, respectively. The final exclusion sensitivity of the LHeC and the FCC-he for the considered number of background events is inside the colored area, depending on the real signal efficiency.
In Fig. 5 we consider final state hadrons with transverse momentum of at least 5 GeV to ensure the DIS regime of the production process. Although being very small we do not expect the momentum threshold of 5 GeV to pose a problem to the experimental analysis, since the final states (consisting of an electron with about 60 GeV, hadrons in forward direction, and two low-energy leptons in backward direction) all typically have scattering angles of a few degrees with respect to the beams, which are well within the geometric detector acceptance.
Also included in the figure are the present exclusion bounds on the dark photon, denoted by the gray area. The limits in the lower left corner of the figure stem from dark photon searches at the beam dump experiments E141 [6] , E774 [7] , and one in Orsay [8] ; the upper limits on the mixing from the beam dump experiment NA48 [9] and the electron-positron collider experiment BaBar [10] . Electron-proton colliders will offer an excellent coverage for dark photon masses around 0.2 GeV and mixing above 10 −5 , a region of the parameter space which is difficult to test in any other present and future experiment.
Conclusions
Extending the SM gauge group with an additional U (1) X factor gives rise to a dark photon that interacts with the SM fermions via kinetic mixing. The interaction strength is governed by the mixing parameter , which also leads to dark photon decays into pairs of leptons, hadrons, or quarks. In this article we have estimated the prospect for a dark photon search at the LHeC and FCC-he via its displaced decays into two charged SM particles and for a mass range 10 MeV ≤ m γ ≤ 0.7 GeV. Under the assumption that unknown backgrounds are completely reducible and can be suppressed without much loss of signal efficiency, we found that non-observation of a signal at the LHeC (FCC-he) can exclude dark photons in the considered mass range with kinetic mixing larger than about 2×10 −5 (10 −5 ) when considering final state hadrons with transverse momentum above 5 GeV. This complements existing searches and search strategies for dark photons in this mass range, which usually probe mixings either much below these numbers, or above 10 −3 . It also complements forecasted sensitivities at future colliders, which cover mostly the large-mass, large-coupling regime, and also the low-mass, very lowcoupling sensitivity of beam-dump or fixed-target experiments, or external LHC detectors such as FASER.
The electron-proton colliders would therefore offer a complementary coverage in a low-mass and intermediate coupling regime.
